The effect of oak contact on the phenolic composition, total antioxidant capacity (TAC) and colour of Pinotage wines was investigated during maturation. Oak maturation included traditional treatments, such as new, second-fill and third-fill barrels, as well as alternative treatments (oak chips, staves, extract and dust) applied in old barrels over a period of 28 weeks. Oak maturation using traditional and alternative treatments improved the objective colour of Pinotage wine by decreasing the L* value. Losses in TAC caused by decreased concentrations of monomeric phenolic compounds (most anthocyanins, flavan-3-ols, flavonols and hydroxycinnamic acids) during oak maturation were negated by increased concentrations of gallic acid and the formation of new oligomeric and polymeric pigments. Wine maturation in stainless steel containers also resulted in a decrease in anthocyanin content. The decrease in phenolic acid content for wines matured in stainless steel was less pronounced, while their flavan-3-ol content remained stable. The new-barrel treatment had the most pronounced effect on all parameters. Oak maturation can be used for the production of Pinotage wine when the retention of TAC is a high priority.
Maturation is an important phase in the production of high-quality red wines and leads to increased stability of the colour and improved taste and quality. Oak barrels are generally used but, recently, alternative oak sources used in old barrels or stainless steel tanks, and/or oxygenation, have increased the options available to the winemaker. Alternative oak treatments used by winemakers include chips, staves and extracts. By introducing large quantities of oak chips or staves for a short time, the oak maturation process is thought to be accelerated (Del Alamo Sanza et al., 2004) . However, alternative oak treatments can also be used to simulate normal barrel maturation by introducing them into used barrels at lower dosages.
The main compounds extracted from oak during maturation are cinnamic and benzoic acid derivatives from the tannins that are hydrolysable by oak wood, as well as furaldehydes from sugar degradation during the process of toasting the oak (Laszalavik et al., 1995; Kadim & Mannheim, 1999; Del Alamo Sanza et al., 2004) . Other important changes in phenolic composition during maturation in oak barrels involve condensation reactions of anthocyanins with flavan-3-ols to form oligomeric and polymeric phenolic compounds, leading to stabilised colour (Timberlake & Bridle, 1976; Singleton, 1987) . Ingress of small amounts of oxygen contributes to oxidative polymerisation during maturation in oak barrels (Singleton, 1987) . In the presence of oxygen, ethanol is oxidised to acetaldehyde (Wildenradt & Singleton, 1974) , which contributes to the formation of ethyl-linked anthocyanin-flavan-3-ol condensation products. Oxidation of ellagitannins from oak wood produces peroxides, which in turn oxidise ethanol to acetaldehyde (Vivas & Glories, 1996) . Therefore, acetaldehydemediated condensation reactions involving anthocyanins and flavan-3-ols are especially important. The evolution of wine redox potential during maturation in oak barrels, as well as in stainless steel tanks in the presence of oak chips and staves, was reported by Del Álamo et al. (2006) . An initial increase in redox potential was observed from zero to three months of maturation, with a subsequent decrease up to the end of maturation (11 months' total maturation time). Dávalos et al. (2004) found a higher ORAC (oxygen radical absorbance capacity) in oak-aged wines than in bottled-aged wines of the same vintage and variety.
Since oak maturation affects the phenolic composition of the wine, especially with regard to polymerisation, it is possible that its total antioxidant capacity (TAC) will also be affected. A change in TAC during maturation is most likely to be negative. Some reactions of phenolic compounds during pre-bottling maturation are expected to be similar to those that occur during bottle maturation, which has been shown to decrease the TAC of Pinotage and Cabernet Sauvignon wines (De Beer et al., 2005) . In order to produce wines with optimal TAC, the effect of oak maturation and oxygenation on their TAC should be taken into account. The aim of this study was to investigate the effect of traditional and alternative oak products on the phenolic composition, colour and TAC of Pinotage wines during maturation.
MATERIALS AND METHODS

Oak maturation treatments
A Pinotage wine was produced from grapes (Vitis vinifera L. cv. Pinotage) harvested at -24°Brix at Nietvoorbij (Stellenbosch, South Africa) in February 2002. Winemaking was carried out according to standard commercial winemaking procedures at 15°C in a closed stainless steel fermenter at Distell (Stellenbosch, South Africa). The total must volume was 9 000 L. After malolactic fermentation, bulk filtration was performed and the free SO 2 was adjusted to 35 mg/L before transference to oak barrels for maturation. Free SO 2 concentrations were maintained at 35 mg/L during the oak maturation period.
Treatments consisted of new barrels, second-fill barrels, thirdfill barrels, as well as old barrels (fifth fill) with oak chips (3 to 10 mm shavings at 6 g/L), oak staves (30 x 5 x 100 mm at 6 g/L), oak extract (freeze-dried French oak extract at 110 mg/L) supplied by Radoux Cooperage (Stellenbosch, South Africa) and oak dust (granular American oak dust at 6 g/L) supplied by African Cork Supplies (Stellenbosch, South Africa). All additions were made according to the manufacturers' recommendations. The barrels (225 L) were supplied by Radoux Cooperage. The new and old barrels, oak chips and oak staves were produced from French oak. Wine was matured in triplicate for each treatment for 28 weeks from May 2002, except the for new-barrel treatment, which was done in duplicate. Wine was also stored in triplicate in 20 L stainless steel containers. A sample (~200 mL) was taken from each barrel at zero, six, 15 and 28 weeks. The sample taken at zero weeks was considered to be the non-matured control, i.e. control wine (0 weeks), while the samples taken from the stainless steel containers after 28 weeks were considered the stainless steel matured control, i.e. control wine (SS). The original wine, stored in stainless steel tanks, was used to fill up the barrels once a month to compensate for the volume of wine loss due to evaporation and during sampling. Directly after sampling, aliquots of each sample were frozen at -20°C to prevent further phenolic changes until the analyses could be carried out. Samples were analysed immediately after defrosting.
Chemicals and phenolic reference standards
2,2'-Azino-di-(3-ethylbenzo-thialozine-sulphonic acid) (ABTS) was obtained from Boehringer Mannheim GmbH (Mannheim, Germany), and HPLC-grade acetonitrile and phosphoric acid were obtained from Riedel-de Häen (Seelze, Germany) and Fluka (Buchs, Switzerland) respectively. 6-Hydroxy-2,5,7,8-tetra-methylchroman-2-carboxylic acid (Trolox) was obtained from Aldrich Chemical Co. (Gillingham, UK). Phenolic reference standards included gallic acid, (+)-catechin, (-)-epicatechin, quercetin-3-galactoside and quercetin-3-rhamnoside from Sigma (St Louis, MO); caffeoyltartaric acid from Chromadex (Santa Ana, CA); caffeic acid, quercetin and kaempferol from Fluka; procyanidin B1, quercetin-3-glucoside (glc) and myricetin from Extrasynthese (Genay, France); and delphinidin-3-glc, peonidin-3-glc, petunidin-3-glc and malvidin-3-glc from Polyphenols AS (Sandnes, Norway). Water used in the experiments was purified and de-ionised with a Modulab water purification system (Separations, Cape Town, South Africa), except for that used in the preparation of the HPLC mobile phases, where the de-ionised water was treated further using a Milli-Q académic water purifier (Millipore, USA).
Spectrophotometric analysis of phenolic content
The total phenol content was determined in triplicate using the Folin-Ciocalteu assay (Singleton & Rossi, 1965) .
HPLC analysis of phenolic composition
Individual phenolic compounds, as well as coloured and non-coloured polymers detected at 520 and 280 nm respectively, were quantified in duplicate using an HPLC method (Peng et al., 2002 ) modified and described by De Beer et al. (2006) . The polymers included polymeric phenolic compounds with five or more subunits, with the coloured polymers consisting of anthocyanins and flavan-3-ols, and the non-coloured polymers consisting only of flavan-3-ols.
ABTS radical cation scavenging assay
The total antioxidant capacity (TAC) of the wines was measured (TAC M ) in triplicate using the ABTS
•+ scavenging assay (Re et al., 1999) . The content of individual phenolic compounds, measured by HPLC, and their experimental TEAC values (reported in De Beer et al., 2006) were used to calculate the theoretical TAC (TAC CAL ). The remaining TAC (TAC R ) is the difference between TAC M and TAC CAL . The analysis and calculations were carried out as described in De Beer et al. (2006) .
Objective colour parameters
A Colorgard System 2000 Colorimeter (BYK-Gardner, Geretsried, Germany) was used to obtain the objective colour parameters of the undiluted Pinotage wines in transmittance mode with an optical cell with a fixed path length of 5 mm. The colorimeter was calibrated before use with a non-diffusing black reflectance standard (BYKGardner, Geretsried, Germany). Objective colour measurements were taken <1 h after opening a wine bottle to minimise colour changes. The CIELab parameters, namely a* (red/green chromaticity), b* (yellow/blue chromaticity) and L* (lightness), were measured using the CIE 1931 standard colorimetric observer under illuminant C (geometry is 45° illumination and 0° viewing). The h* (hue angle; °) and C* (chroma) were calculated as follows:
Names for hues based on the h* values were adapted from Gonnet (1999) : hue angle values of 0°, 7.5°, 15°, 22.5°, 30°, 37.5° and 45° correspond to magenta, red-magenta, magenta-red, red, orange-red, red-orange and orange respectively.
Statistical analysis
One-way analysis of variance was performed on the means for the triplicate or duplicate samples of each oak maturation and time combination to determine whether significant differences occurred. The Student t-LSD test (P < 0.05) was used to determine the statistical differences between means. Canonical discriminant analysis with forward step-wise variable selection was used to differentiate between treatments and time-point on the basis of phenolic composition, antioxidant activity and objective colour measurements. All the statistical analyses were done using the SAS version 8 software package (SAS Institute Inc., Cary, NC).
RESULTS
Phenolic composition
Maturation of Pinotage wine in stainless steel containers for 28 weeks caused a significant decrease in the content of all the individual monomeric anthocyanins (Table 1) , except for vitisin a mg/L unless otherwise noted; b mg of corresponding anthocyanin-3-glc equivalents/L; c sum of phenolic group content; d mg Mv-3-glc equivalents/L; e means with different letters within the same column differ significantly (P < 0.05); CP (HPLC) = coloured polymers measured using HPLC; Dp = delphinidin; glc = glucoside; glc-ac = acetylglucoside; glc-coum = p-coumaroylglucoside; PA (pH shift) = polymeric anthocyanins measured using the pH shift assay; Pt = petunidin; Pn = peonidin; MA (HPLC) = monomeric anthocyanins measured using HPLC; MA (pH shift) = monomeric anthocyanins measured using the pH shift assay; Mv = malvidin; VitA = vitisin A.
A (data not shown), which remained stable during maturation. Maturation using oak products did not affect the vitisin A content (data not shown), whereas none of the treatments affected the content of coloured polymers (data not shown).
Similar trends were observed for the malvidin-3-glucoside (glc), malvidin-3-glucoside-acetate (glc-ac), malvidin-3-glucoside-coumarate (glc-coum) and monomeric anthocyanin content of the wine (Table 1 ). All the treatments caused a continuous decrease in the content of these compounds throughout the 28-week maturation period. The only exception was the treatment with staves, which caused a significant decrease in the monomeric anthocyanin content of the wine up to 15 weeks' maturation. This decrease was at the same rate as that of the other oak treatments, after which it stabilised. At the completion of maturation, the wines treated with staves had a significantly higher delphinidin-3-glc, petunidin-3-glc, malvidin-3-glc, malvidin-3-ac and monomeric anthocyanin content than the wine undergoing the other treatments. The wines matured in stainless steel and new oak barrels had the lowest content of malvidin-3-glc, malvidin-3-glc-ac, malvidin-3-glc-coum and monomeric anthocyanins.
The treatment did not significantly affect the content of the other individual monomeric anthocyanins in the wines (Table 1) . Only maturation time affected the content of these compounds. The delphinidin-3-glc and petunidin-3-glc content of the wines matured for 28 weeks (all oak treatments, except staves) and of the wines matured in new barrels for 15 weeks was significantly lower than the content before maturation.
Maturation, irrespective of treatment, resulted in similar trends for the content of unknown flavonols, quercetin-3-rhamnoside (rham), quercetin and total flavonols of the wine, with significantly lower concentrations than in the control wine (0 weeks) on completion of maturation ( Table 2 ). The stainless steel and oak extract treatments resulted in a significant decrease in the quercetin-3-glc content of the wines during the maturation period. On completion of maturation, no significant differences were observed between treatments for the flavonol content.
All the wines had a significantly higher content of gallic acid on completion of maturation than the control wine (0 weeks) ( Table 3) . After maturation, all the wines matured in oak, except the wine matured in old barrels with staves and oak extract, had a significantly higher gallic acid content than the wine matured in stainless steel. Maturation in stainless steel significantly reduced the caftaric acid, p-coumaroyltartaric (coutaric) acid and total phenolic acid content of the wine, while no changes were observed for the caffeic acid content. All oak maturation treatments significantly decreased the caftaric acid and caffeic acid content of the wine to similar final concentrations. The p-coumaric acid content of the wines was not significantly different from the control wine (0 weeks) after 28 weeks of maturation using stainless steel or oak products (data not shown). All treatments significantly decreased the coutaric acid content of the wine. Maturation using new barrels, second-fill barrels and oak dust significantly decreased the (+)-catechin content, while only the wine from the new-barrel treatment had a significantly lower procyanidin B1 content after the completion of maturation (Table 4) . No significant change in the content of non-coloured polymers was observed for the individual treatments after maturation, except in the wine treated in new barrels, which had a much lower content on completion of maturation compared to the control wine (0 weeks). No changes in flavan-3-ol content were observed after maturation in stainless steel containers.
After the completion of maturation, only the wines matured using new barrels and chips had a significantly lower total phenol content than the control wine (0 weeks) ( Table 4 ). The total monomer content was decreased for all the treatments, with the most substantial decrease being for the stainless steel and newbarrel treatments, followed by the second-and third-fill barrel treatments. The smallest decrease in total monomer content was observed for treatments using old barrels with alternative oak sources.
Antioxidant capacity
The trends for the TAC M of the individual treatments differed (Table 5 ). The wines treated in new barrels and with oak extract had significantly higher TAC M values than the control wine (0 weeks) after six weeks' maturation, but thereafter their TAC M values decreased. Subsequently, the TAC M values of new barreland oak extract-treated wine were not significantly different from the control wine after 15 and 28 weeks' maturation. The wine treated with oak dust showed a significantly higher TAC M than the control wine (0 weeks) after 15 weeks' maturation. However, the TAC M of none of the oak-treated wines or the wine matured in stainless steel was significantly different from that of the control wine (0 weeks) on completion of maturation. All the wines had a significantly lower TAC CAL than the control wine (0 weeks) on completion of maturation. The wines treated in new barrels and stainless steel had the lowest TAC CAL , while the wine treated with staves had the highest TAC CAL . The TAC R followed a similar trend to the TAC M .
Objective colour parameters
The trends for the C* and a* values of the wine over the maturation period were very similar (Table 6 ). Oak maturation caused a significant increase in the C* and a* values of the wine from zero weeks to six weeks, after which a decrease was observed. The C* and a* of wine matured in stainless steel showed the opposite trend. However, after maturation only the wines matured using new barrels, second-fill barrels, third-fill barrels and oak extract had C* values significantly lower than that of the control wine (0 weeks). The a* values of all the wines after completion of maturation were significantly lower than that of the control wine (0 weeks). e means with different letters within the same column differ significantly (P < 0.05); TF (DAC) = total flavan-3-ols measured using the DAC assay; TP (Folin-Ciocalteau) = total phenols measured using the Folin-Ciocalteau assay.
Oak maturation initially caused a decrease in wine h* only for the wines treated with oak extract and oak dust, after which an increase was observed. These wines showed an increase throughout the maturation period. A similar trends were seen for the b* values, except that only the stainless steel treatment showed an initial decrease. All the matured wines had significantly higher h* and b* values than that of the control wine (0 weeks) after completion of maturation. The least change in h* and b* values was observed for the wine treated in new barrels, which had significantly lower values than the other oak and stainless steel treatments. Progressively lower h* values were observed for wines matured in thirdfill barrels, second-fill barrels and new barrels with alternative oak products, giving values between that of second-and third-fill barrels on completion of maturation.
The L* values of the wine decreased significantly during oak maturation and were significantly lower than that of the control wine (0 weeks). The trends for the L* values of the individual treatments were similar, with the wines treated in new barrels showing a much more pronounced decrease than the other wines, resulting in wine with the lowest L* value.
Canonical discriminant analysis
Forward step-wise variable selection resulted in the selection of malvidin-3-glc, delphinidin-3-glc, petunidin-3-glc, peonidin-3-glcac, quercetin-3-rham, gallic acid, caffeic acid, total phenolic acids and a* value as the most discriminating factors. A plot of the variable loadings is given in Fig. 1 . A canonical discriminant analysis plot of the data shows that the control wines are mostly separated from the rest of the wines, with wines treated in new barrels and with staves also separated from the rest of the wines (Fig. 2) . All other alternative oak treatments, as well as second-and third-fill barrel treatments, were grouped together.
DISCUSSION
Monomeric anthocyanins are increasingly incorporated into oligomeric and polymeric pigments during maturation, a process that, for many high-quality red wines, starts with oak maturation. Direct and acetaldehyde-mediated condensation of anthocyanins and flavan-3-ols gives rise to oligomeric and eventually polymeric pigments with greater colour stability than the original pigments (Fulcrand et al., 2004) . In the present study, the total monomeric anthocyanin content and total flavan-3-ol content of Pinotage wine decreased with oak maturation in new barrels, but the coloured polymer content unexpectedly did not increase. A possible explanation is that only coloured oligomers were formed during the short maturation period of 28 weeks, and that these are not detected in the coloured polymer HPLC peak (only five or more subunits) (Peng et al., 2002) . The monomeric anthocyanin content i means with different letters within the same column differ significantly (P < 0.05).
FIGURE 2
Canonical discriminant analysis plot of wines (• control; ■ new barrels; □ second fill barrels; ○ third fill barrels; ◊ chips; x staves; -oak extract; + oak dust). FIGURE 2 Canonical discriminant analysis plot of wines ( control; new barrels; second fill barrels; third fill barrels; c oak extract; + oak dust).
also decreased during oak maturation using alternative oak products, as well as when no oak products were used during maturation. Some oak treatments, namely third-fill barrels, chips, staves and oak extract, however, did not cause a decrease in flavan-3-ol content. In these cases, oxidative degradation of the monomeric anthocyanins might have taken place. The decrease in flavonol (unknown flavonol and quercetin-3-rham) and hydroxycinnamic acid (caftaric, caffeic and coutaric acid) content of the wine is also attributed to oxidative degradation as a result of maturation. Similar results were obtained by Hernández et al. (2006) . Products of oxidative degradation of o-diphenols include o-quinones, which can react further to form brown polymers (Cheynier et al., 1988) , or adducts with glutathione and sulphur dioxide Rigaud et al., 1991) .
The decrease in the content of individual anthocyanins was more pronounced for new barrels than for the other treatments. The greater decrease in monomeric anthocyanin and flavan-3-ol content observed for wines matured in new barrels is presumably due to a higher rate of acetaldehyde-mediated condensation reactions. A higher content of dissolved oxygen has been reported for wine in new barrels than in used barrels (Castellari et al., 2004) , which could increase the acetaldehyde content of the wine. New barrels also contain higher levels of hydrolysable tannins, which have a higher oxidising capacity than condensed tannins, leading to larger amounts of acetaldehyde being produced (Vivas & Glories, 1996) . Du Toit et al. (2006) also found that (+)-catechin levels decreased more in Pinotage wines stored for 24 weeks in new oak barrels than if the wines were aged with oak staves in combination with micro-oxygenation. The trend for stave-treated wines is less clear. Reactions involving monomeric anthocyanins were clearly slowed down or stopped after 15 weeks of maturation, as indicated by the stabilisation of the monomeric anthocyanin content, although the reasons for this are not known. Similar results would be expected for the maturation of wine using staves and chips in old barrels. The different trends could be the result of the extraction rate of oak wood components as affected by the difference in surface to volume ratio of these oak products.
The increased gallic acid content of oak-matured wine, which was observed for Pinotage wine in the present study, supports previous reports on maturation in oak barrels and in stainless steel tanks with oak chips and exogenous tannin additions (Jindra & Gallander, 1987; Wilker & Gallander, 1988; Keulder, 2006) . This phenomenon can be ascribed to gallic acid formation by the hydrolysis of ellagitannins from oak wood in a hydroalcoholic medium such as wine (Quinn & Singleton, 1985) , or by the hydrolysis of galloylated flavan-3-ols extracted from grape seeds during fermentation (Singleton & Trousdale, 1983) . The latter mechanism is the reason for increases in gallic acid content after maturation in stainless steel, which are less than for wine matured using oak.
Maturation caused a slight decrease in the total phenol content of the Pinotage wine for some of the treatments, similar to what has been found for Pinotage and Cabernet Sauvignon wines subjected to bottle ageing for one year (De Beer et al., 2005) . Many individual phenolic compounds also decreased during maturation. The total number of hydroxyl groups does not change much during direct and acetaldehyde-mediated condensation of anthocyanins with flavan-3-ols (Monagas et al., 2005) . Despite no changes in the number of hydroxyl groups, they may be less available for reaction with the Folin-Ciocalteu reagent due to steric hindrance. New pigments formed during maturation will be included in the total phenol content, as they react with the Folin-Ciocalteu reagent.
Oak maturation using traditional treatments, as well as alternative oak treatments applied in old barrels was not detrimental to the TAC M of Pinotage wine, despite the fact that the TAC CAL decreased due to a decrease in many individual monomeric phenolic compounds. The same was true for maturation in stainless steel. The increase in TAC R of the wine, which can be ascribed to the formation of new anthocyanin-derived compounds retaining some or all of the antioxidant capacity of the original compounds, counteracted the decrease in TAC CAL . The same principles as described for the reaction of phenolic compounds with the FolinCiocalteu reagent apply for their reaction with ABTS
•+ . Although no differences in coloured and non-coloured polymer content were observed, smaller polymers not detected using the current HPLC method are likely to increase in content, contributing to the increased TAC R . Ellagitannins, which were not measured in the present study, are also likely to contribute to the increased TAC R during oak maturation due to their extraction from the oak wood. Ellagitannins have been shown to have high radical scavenging activity (Saint-Cricq de Gaulejac et al., 1998) , while the hydrolysis products of ellagitannins, namely ellagic acid (Ivekovic et al., 2005) and gallic acid (Jordão et al., 2005) , are also potent antioxidants due to the many available hydroxyl groups. Ellagic tannins are extracted rapidly into a hydro-alcoholic medium, such as wine, followed by a gradual decrease (Jordão et al., 2005) . Changes in other unknown compounds, which are not necessarily phenolic in nature but have been shown to make a large contribution to the wine TAC M (De Beer et al., 2006) , cannot be estimated, but contribute to the TAC R of the wine. The role of synergism can also not be ignored (De Beer et al., 2006 ).
An initial increase in TAC M observed for wines treated with new barrels, oak extract and oak dust can be ascribed to compounds extracted from the new oak wood or present in the oak preparations before substantial losses of wine phenolic compounds have occurred, as discussed above. A similar result was obtained by Del Álamo et al. (2006) when measuring the redox potential of wine matured in new barrels and in stainless steel tanks with chips and staves added. In another study, Dávalos et al. (2004) found an increased ORAC value for wines aged in French and American oak barrels compared to bottle-aged wines. The wines that were compared were of the same variety and vintage, but it seems that they were not prepared from the same batch of grapes. Although no detrimental effect on the TAC of the wine was observed in the present study, maturation over a longer period or in the presence of higher oxygen concentrations may have a negative impact on the wine TAC. The maturation of Pinotage and Cabernet Sauvignon wines that were not matured in oak resulted in decreased wine TAC over a one-year bottle-ageing period (De Beer et al., 2005) .
The C* and a* values of the Pinotage wine increased initially, followed by a decrease after six weeks of oak maturation. Using the same wines, a similar trend was observed by Fourie (2005) for the modified colour density (OD 520 + OD 420 in the presence of acetaldehyde at pH 3.5) of the wine, while the modified degree of red pigment (OD 520 in the presence of acetaldehyde at pH 3.5 x 100/OD 520 at low pH) showed an increase over the whole maturation period. Pomar and Gonzalez-Mendoza (2001) also observed an initial increase in colour density up to three months, followed by a decrease during oak maturation, while only decreases in colour intensity have been reported by others after eight and 12 months of oak maturation (Gómez-Cordovés & González-SanJosé, 1995; Pérez-Magariño & González-San José, 2006.) . It is important to note that the evolution of wine colour will depend on the initial composition of the wine, especially the anthocyanin content. A decrease in the monomeric pigment content partly explains the reduced C* and a* values of matured wines compared to the control wine (0 weeks). Lower co-pigment content (flavonols, phenolic acids and flavan-3-ols) also contributes to this trend (Gonnet, 1999) . On the other hand, monomeric anthocyanins become part of colour-stable oligomeric and polymeric compounds, counteracting the decrease in C*, which is the reason for only a modest decrease in C* despite substantial decreases in the content of monomeric pigments and co-pigments. The trend for wine matured in stainless steel differs from that of the oak-matured wines. This may be due to less of a reduction in co-pigment content (phenolic acids and flavan-3-ols).
The present study confirms the finding of Fourie (2005) for wine hue, namely an increase in modified wine hue (OD 420 in the presence of acetaldehyde at pH 3.5/OD 520 at low pH) during oak maturation. The observed increase in h* indicates a change from magenta-red hues in the direction of orange-red hues, due to decreased a* values and increased b* values, although the wine hues after 28 weeks of maturation were still in the pure red range. Similar trends were also found by Rivas et al. (2006) . Some treatments, namely those with staves, oak extract and oak dust, initially caused slight changes in h* towards magenta red. This initial decrease in h* can be ascribed to the formation of purple acetaldehyde-mediated condensation products (Timberlake & Bridle, 1976; Rivas-Gonzalo et al., 1995) . The subsequent increase in h* is attributed to the formation of orange-red pyranoanthocyanins (Fulcrand et al., 1996; or further reaction of ethyl-linked pigments to form larger, brown polymers (Es-Safi et al., 1999a) or yellow xanthylium pigments (Es-Safi et al., 1999b) . Alcalde-Eon et al. (2006) reported an increase in pyranoanthocyanin content in Tempranillo wine during oak maturation (six months) and the subsequent period of bottle ageing. No changes in vitisin A content were observed in the present study, although the content of other pyranoanthocyanins, which were not detected using HPLC, could have increased. The decrease in ethyl-linked pigments observed previously confirms the unstable nature of these pigments.
The wines also became darker (lower L*) after maturation, in contrast to the finding of Rivas et al. (2006) . Generally, the L* and C* values of an anthocyanin solution would increase and decrease respectively with decreased pigment content and/or co-pigmentation. The L* values, however, showed the opposite trend, namely decreasing as the C* values increased. This trend could not be explained by the decrease in monomeric pigment and co-pigment content. In the same way as for C*, the increase in oligomeric and polymeric pigments would contribute to a decrease in L*. In this case it seems that the effect of polymerisation on the C* and L* values differed. This is possibly due to the formation of brown polymers during maturation, contributing to a decrease in L* without increasing C*.
The treatment in new barrels had the greatest effect on the objective colour parameters (C*, h*, L* and b*) of the wine, with few significant differences between the other treatments after 28 weeks of maturation. This result is similar to the trends observed by Fourie (2005) and Van Rensburg and Joubert (2002) . The pronounced effect of new-barrel treatment on Pinotage wine is explained by the fact that the pigment content, as well as the co-pigment content, of wines treated in new barrels showed more pronounced changes after maturation than the other treatments.
Taking the sensory characteristics of the wines (Fourie, 2005) and the objective colour measurements into account, wine treated in new barrels overall was of a better quality than that from the other treatments. The treatment with chips resulted in wine with decreased sensory quality. The other alternative oak products, however, gave wines with good sensory quality.
Canonical discriminant analysis confirmed the observation that the wines treated in new barrels and with staves differed significantly from the other wine, especially on completion of maturation. The differences between the control wines and the other wines were also highlighted.
In conclusion, alternative oak products show potential for producing Pinotage wines with good colour and sensory quality. Oak maturation using traditional and alternative oak products maintained the TAC of Pinotage wine, despite significant changes in its phenolic composition. It therefore is a good technique for producing quality red wines while retaining the TAC of the wine. The changes in phenolic composition during maturation towards more oligomeric and polymeric compounds, which are less bioavailable, have implications for the potential in vivo bioactivity of red wine. ABBREVIATIONS ac = acetate; control wine (0 weeks) = non-matured wine; control wine (SS) = wine matured in stainless steel canisters for 28 weeks; coum = coumarate; gal = galactoside; glc = glucoside; rham = rhamnoside; TAC = total antioxidant capacity; TAC M = TAC as measured; TAC CAL = TAC as calculated from phenolic composition and TEAC values; TAC R = TAC remaining after TAC CAL is subtracted from TAC M ; TE = Trolox equivalents; TEAC = Trolox equivalent antioxidant capacity
